Fifty-five patients received total cardiopulmonary support with the disposable Lande-Edwards membrane oxygenator during aortocoronary artery-vein graft operations and other complex open heart operations. Two three meter2 membrane oxygenators were linked in parallel to a standard r o b pump apparatus.
chemical stresses on blood in the membrane oxygenatorS4
Prototypes of a new membrane oxygenator were developed by Land6 and associates.= Blood was separated from gas by a thin Silicone rubber sheet folded and separated by a grooved plastic wafer. Blood and gas were manifolded into multiple counter-current flow paths 3 cm in length. Further models of the membrane oxygenator were developed. Minimal apparent blood damage in the LandC-Edwards membrane oxygenator was noted in vitro at physiologic gas tensione6
The present three square meter disposable LandeEdwards membrane oxygenator ( Model 51 10-3 ) has been used clinically for emergency prolonged cardiopulmonary bypass.' Patients in refractory cardiogenic shock were provided veno-arterial nonpulsatile partial bypass perfusion at flow rates between 1,000 and 2,000 ml per minute through a single three square meter oxygenator for periods of 9 of 40 to 200 ml. Plasma hemoglobin levels remained to 75 hours. Satisfactory blood pressures were below 100 mg which indicated minimal destruction maintained without vasopressor agents. Urine outof formed blood elements. These encouraging laboput increased from anuric levels to hourly volumes ratory and clinical results with partial bypass led us
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to clinical use of the Lande-Edwards membrane patients who had successful total heart-lung support -Maintain heart beat and pulmonary ventilation during with the Land&-Edwards membrane oxygenator.
cooling and rewarming.
Gravity flow directly into the membrane oxygenators as first described by Baffes and co-workers8 is now being utilized ( Fig 1 ) . Two 3 meter square LandB-Edwards membrane oxygenators were connected in parallel for patients weighing up 90 kg. Three 3 meter square oxygenators were used in patients weighing over 90 kg. The first 23 patients were linked to a recirculation circuit with a pump before and after the membranes (Fig 2 ) . In the gravity circuitry now being used venous blood flows from the operating table down to and through the membrane oxygenators which are placed near the floor. The blood then flows into an arterial reservoir which must be placed slightly higher than the oxygenators to prevent air embolism. The reservoir must be 30 to 50 cm below table height to provide sufficient pressure head for adequate blood flow. An arterial pump takes the blood from the reservoir and returns it to the patient's arterial line via a heat exchanger. One liter of 5 percent glucose in water is added to the system for each 3 meter square oxygenator. This dissolves the sodium chloride which was dusted on the membranes during manr~fachlre to prevent the Silicone rubber membranes from sticking to one another. Approximately normal to twice normal saline results. Normal saline or any other crystaloid is used to completely fill the system. All air is removed by rapidly rotating the pump while alternately clamping off oxygenators and leaving only one unclamped. Then 12% gm of salt-poor serum albumin per oxygenator are added to coat the membranes and other plastic parts of the circuit. Finally, bottled blood was added via the cardiotomy suction reservoir taking care to not admit any air in the process. Displacing all crystalloid possible (no hemodilution -Pump a t maximum flow rates (usually 40 to 60 ml/kg/ minute).
-Open unused membrane capillaries by periodic flushing every 60 minutes. Shunt entire membrane oxygenator flow through one unit by clamping the blood inlet of the other unit for 15 to 30 sec -Maintain the oxygen side of the membrane dry by continuous air flow if the unit is preprimed for long duration.
reduces the salt load. This allows prolonged heart-lung support and less blood is added during the pump run to replace urinary loss of the crystalloid. Priming volume is 500 rnl per 3 M* membrane plus extra for tubing volume. A filter with 40 micron pore size removed tiny clots, fat debris and other particulate matter from cardiotomy suction and bottled blood.10 The speed of the arterial pump was regulated automatically by continuously weighing the blood reservoir contents. Oxygen was transmitted into 0 2 inlets at five liters per minute per oxygenator. Since carbon dioxide transfer is the limiting factor in membrane oxygenator perfusion C O~ gas was only rarely used in the oxygen supply. Comment on the technique is summarized in Table 1 .
Parameters studied included blood gases, platelets, plasma hemoglobin, plasma proteins, fibrinogen, and effect on neurologic, psychiatric, pulmonary and renal function.
Arterial and venous blood gases, hemoglobin, and serum potassium levels were measured hourly during the procedures while off the pump and at a half-hour intervals during bypass. Formed elements of the blood, including plasma hemoglobin, urine hemoglobin, platelet counts, plasma pro- teins and fibrinogen levels, were measured at the end of the pump run. Preoperative and postoperative neurologic and psychiatric tests for organic brain damage (Bender-Gestalt and Wechsler Adult Intelligence Tests) were compared in alternate patients having similar operations while supported with membrane oxygenator or the Bentley bubble oxygenator. Pulmonary function was measured by postoperative blood gases, chest roentgenogram, and ventilation studies. Renal function was monitored by hourly urine output, and postoperative blood urea nitrogen and creatinine levels. Maximum flow rates were sought and were usually 3,000 to 4,500 ml/minute (40 to 80 ml/kg/minute). Arterial blood pressure was maintained above 60 mm Hg by adding blood or Ringer's lactate solution as determined by the hematocrit. Pulmonary ventilation and spontaneous cardiac contractions were continued during cooling to 30°C and during rewarming. Ventilating the lungs permits maximum carbon dioxide exchange during normothermic partial cardial support. As described later the C O~ exchange was excellent at hypothermia (30°C) but limited a t normothermia when one three square meter membrane oxygenator per 40 kg body weight was used.
CARDIOTOMY LEGEND
Patient selection initially was limited to the more complicated cases requiring tedious epicardial dissections after previous mammary artery implantations, patients requiring multiple aortocoronary artery-vein grafts, or patients with low cardiac output requiring cannulation and cardiopulmo- Inadequate carbon dioxide exchange because heart fibrillating and lungs not ventilated during rewarming.
b Nearly inadequate oxygenation because priming fluid added 3 days earlier to the membrane oxygenators diffused :through the ' membrane into the oxygen capillaries. This "atelectasis" produced perfusion with poor ventilation. This problem can be alleviated by continual air flow through the gas side if oxygenators remain preprimed for some period of time.
Inadequate oxygenation attributed to failure to periodically (every 60 minutes) .shunt all pump blood through each separate membrane oxygenator unit to avoid shunting and prevent "disuse atelectaais." d Insufficient carbon dioxide exchange because insufficient hypothermia (32OC). All other patients were hypothermic to 30°C. 
RESULTS
Fifty-five patients operated on by six different surgeons and the pumps controlled by five different technicians had successful gaseous exchange during perfusions. Details will be presented of first 26 consecutive patients who had successful total cardiopulmonary support with the Land&-Edwards membrane oxygenator during elective aortocoronary artery bypass with saphenous vein grafts performed by R. G . Carlson, MD, at The New York Hospital-Come11 Medical Center. Twenty-five of these 26 patients were discharged home improved. One patient, with a successful pump run, died on the operating table from an acute myocardial failure. The membrane oxygenator provided excellent replacement of cardiopulmonary function with minimal evidence of side-effects on other organ systems.
Evidence for Adequate Total Cardiopulmonary Support. Excellent exchange of oxygen and carbon dioxide occurred at satisfactory pH levels when the membrane oxygenators were properly used. During total cardiopulmonary support at hypothermic temperatures of 30°C, the arterial blood gases were excellent as summarized in Table 2A and 2B. During normothermia, hypercapnia gradually occurred in the larger patient unless the lungs were ventilated while the heart was beating. Carbon dioxide diffusion was the limiting factor in normothermic perfusion. This problem was easily surmounted by keeping the heart beating and the lungs ventilated during cooling and rewarming. During hypothermia, arterial P e ranged from 71 to 625 mm Hg, venous PO^! ranged from 43 to 91 mm Hg, arterial Pcoz ranged from 26 to 50 mm Hg and arterial pH ranged from 7.24 to 7.51. Oxygen transfer averaged 150 mllmin or 2 mllminlkg. Carbon dioxide transfer ranging from 65 to 240 ml/min averaged 130 mllmin or 1.8 ml/min/kg.ll Surprisingly few sideeffects were observed during and after total cardiopulmonary support with the membrane oxygenator. The effects on the blood, heart, lungs, brain, liver and kidneys are summarized in Table 3 .
Samples of blood were removed at the end of the membrane oxygenator pump run. The platelet counts ranged from 80,000 to 200,00O/cu mm, usually about 150,000. The plasma hemoglobin levels remained below 50 mm Hg, except when excess cardiotomy suctioning occurred the level rose to 240 mg percent to 300 mg percent. The color of the urine, reflecting the plasma hemoglobin levels during and after the pump run, was closely related to the amount of cardiotomy suctioning. (Without cardiotomy suctioning, the plasma and urine remained yellow during 7% days of partial body perfusion at 3,000 ml/min for a 35-year-old woman with bilateral pneumonia. ) Immediate clotting occurred after administration of protamine to reverse the heparin correlating well with the normal measured levels of fibrinogen and platelets. This immediate clotting occurred after long pump runs and reduced the number of blood transfusions needed. Serum albumin and globulin levels were normal.
Normal cardiac contraction and rhythm, and no unexpected myocardial ischemia were observed after total support with the membrane oxygenator. After operation, most patients walked within 24 hours. Immediately postoperation, the lung function was better than in similar patients supported with the bubble oxygenator. Postoperative chest roentgenograms showed fewer lung problems of pneumonia, atelectasis, or patchy infiltrates. Postoperative blood gases indicated less frequent and smaller right-to-left shunts than were commonly seen after prolonged bubble oxygenator pump runs. Spontaneous ventilation and normal tidal volume allowed early endotracheal extubation. Fewer blood transfusions probably resulted in fewer venous microemboli into the lung. Cerebral function rapidly returned to normal after membrane oxygenator pumping. The effects of bubble membrane oxygenators used in alternate cases is being studied clinically and by ultrasonic microemboli counting. Initial impressions indicate that much less brain sequelae occurred after use of the membrane oxygenator. A typical example was a 96 kg man who was able to discuss philosophy the day after an operation which needed a three hour membrane oxygenator pump run. Postoperative measurements of hepatocellular and exc~etory liver functions were unremarkable. Serum bilirubin and prothrombin times remained normal or returned to normal when abnormal preoperatively. Glomerular filtration and tubular excretion and secretion were normal or minimally altered postoperation, except for one patient with hypertensive renal disease. The urine hemoglobin levels were zero unless excess cardiotomy suction produced transient plasma hemoglobinuria. Blood urea nitrogen levels measured on the first, third and fifth days were usually below 25 mg percent and rarely elevated to 35 mg percent to 50 mg percent.
Urine output during perfusion averaged 500 ml/hour reflecting good renal blood flow. No diuretics were needed during the operation. The 96 kg 49-year-old man had incapacitating angina and a normal electrocardiogram. His lung function was reduced because of cigarette smokers' bronchitis and obstructive lung disease. The maximum breathing capacity was 50 percent of normal. The anterior descending and right coronary arteries were severely stenosed but good distal run-off was observed. The myocardium contracted normally during ventriculography. A double vein bypass operation was performed during three hours of membrane oxygenator support. Intraoperative blood gases are summarized in Table 2A . Postoperative cardiac function was excellent.
The 103 kg 51-year-old man had severe continuous angina unimproved by a double mammary artery implant performed one year previously for angina and prior myocardial infarction. The left anterior descending and right coronary arteries were severely stenosed. The myocardium was mildly hypokinetic, the left ventricular end-diastolic pressure was 5 mm Hg before injections and 30 mm Hg after ventriculograrn.
Lactate was produced by the myocardium as evidenced by increased coronary sinus lactate levels compared with arterial blood levels.12 The mammary artery implants were patent but no communication to the coronary arteries was apparent by selective dye injections into the mammary implants. A successful double aortocoronary artery-vein graft was performed using the membrane oxygenator for cardiopulmonary support.
The patient was connected to the pump-oxygenator immediately upon the opening of the chest. The numerous pericardial adhesions were incised during pump support. The total pump time was four hours. Postoperation the patient has returned to work and has no angina or problems relating the membrane oxygenator perfusion.
Light Weight Patients. The two patients of lightest weight were 41 and 47 kg. The 47 kg patient was a 54-year-old woman with persistent angina, depressed St segments by electrocardiogram, and ischemic lactate production into the coronary sinus blood during ventricular pacing. The left anterior descending and right coronary arteries were severely stenotic. The left ventricular end-diastolic pressure was 12 mm Hg before dye injection. A double aortocoronary arteryvein graft was performed during one hour of total cardiopulmonary support with the Landk-Edwards membrane oxygenator. Excellent blood gas exchange occurred ( Table 2A ) .
After the heartbeat was restored, partial support was provided for another hour while the cephalic ends of the vein grafts were anastomosed to the ascending aorta. Blood gases remained normal during and after the pump run. The postoperative course was normal.
Average Weight Patient. A 43-year-old man weighing 80 kg had two myocardial infarctions, six and two years earlier followed by progressive angina of 1% years duration. No symptoms of congestive failure occurred although the left ventricular end-diastolic pressure was 25 mm Hg before injection of dye. The electrocardiogram indicated an old anterior myocardial infarction. Selective coronary arteriograms demonstrated an occluded left anterior descending coronary artery with good retrograde filling distally. The stenotic dominant right coronary artery supplied a stenotic origin of the posterior descending and a large left posterior lateral ventricular branch. During an uneventful three hour total and partial cardiopulmonary support with the membrane oxygenator, a triple coronary artery bypass was performed.
The left internal mammary artery was anastomosed to the left anterior descending coronary artery and a reversed saphenous vein bypass was grafted end-to-side to the posterior descending and side-to-side to the right coronary artery. While perfusing the distal vein graft, the opposite end was anastomosed to the ascending aorta.13 Blood gases were normal throughout the operation ( Table 4 ) . Postoperative course was uneventful.
Low Cardiac Output: Cardiopulmonary Support with the Membrane Oxygenator before and during Vein Graft Surgery. A 43-year-old man weighing 68 kg with triple coronary artery stenosis and an anterior left ventricular aneurysm, had double aortotoronary artery-vein graft and resection of the anterior left ventricular aneurysm. The next day, because of low cardiac output, he required a repeat operation for a third vein graft. Four months prior to operation, he had sustained an anterior myocardial infarction with mild cardiogenic shock and was supported medically. Exertional dyspnea and incapacitating angina led to his present admission for a coronary artery bypass procedure. Severe stenosis was seen in the proximal left anterior descending the right, and the large lateral marginal branch of the circumflex coronary artery. The arteries distal to the stenosis were of good caliber. The left ventricular end-diastolic pressure was 35 mm Hg before dye injections. The first operation was performed during support with the bubble oxygenator for two hours and 40 minutes. Vein grafts were anastomosed to the right and anterior descending coronary arteries and the anterior ventricular aneurysm was resected. At this first operation it was elected not to bypass the lateral marginal branch of the circumflex artery. The heart defibrillated easily and subsequent cardiac output was fair. The following day, the patient had two episodes of ventricular fibrillation successfully reversed by electrical defibrillation, but the systolic blood pressure remained 70 to 90 mm Hg. His prognosis appeared grave. Reoperation to anastomose a third vein graft to the nonoperated on large lateral marginal branch of the circumflex coronary artery was considered necessary and was successfully performed as follows :
The patient was connected to two 3 square meter membrane oxygenator via femoral artery and vein cannulas placed under local anesthesia allowing bidirectional j7ow into the body and the leg. Pumpoxygenator flow of 2500 ml/min resulted in immediate restoration of the systolic blood pressure from preoperative levels of 80 mm Hg to satisfactory levels of 100 mm Hn before thoracotomv. The sternum was -r&pened. A third vein graft was anastomosed to the lateral marginal branch of the circumflex coronary artery during the uneventful three hour partial and total membrane support. The heart contracted well immediately after defibrillation.
The systemic pressure continued to be 100 mm Hg and progressive improvement in cardiac function occurred postoperatively. Necrosis of his sternum required subsequent reoperation for debridement. The patient had no angina and was able to perform a modified work schedule for the past eight months after hospital discharge although so much of his heart was scarred from the prior myocardial infarction that his cardiac output remains limited.
Twenty-five of the 26 patients survived elective vein graft operations performed by one of us (R.G.C.) for coronary artery disease and support with the membrane oxygenator and were discharged home (96 percent improvement and survival). The one operative death was from acute myocardial failure although the blood oxygenation was excellent. In our experience, the morbidity of our patients was much less with the membrane oxygenator than with the bubble oxygenator. Ninety percent of the vein grafts were patent by angiogram two weeks postoperation.14 Twenty-eight additional patients have been perfused successfully during open heart operations for congenital, valvular and coronary artery diseases. Their blood gases were in the normal ranges. See Figure 3 for summary of all 55 cases.
Gas exchange was influenced by the amount of flow through the membrane oxygenator, temperature and weight of the patient, and by supplementing membrane oxygenator carbon dioxide exchange with pulmonary ventilation during partial support while cooling and rewarming the patient (Table 1 ) . Maximum venous blood flow was sought; 40 to 50 ml/kg/min flow was usually adequate. The recirculation circuit used in the first 23 patients was found to be unnecessary. Excellent oxygen and carbon dioxide exchange was obtained in the next 32 patients by using the simple gravity flow circuit. One 3 square meter unit per 40 kg to 50 kg body weight proved adequate. Two patients weighing 96 and 103 kg, had satisfactory gas exchange with three 3 square meter units. The arterial Po2 at 30°C however, was maintained at 93 rnm Hg for ten minutes using only two units.
Because carbon dioxide exchange is limited, continued pulmonary ventilation and maintenance of cardiac contractions during cooling and rewarming appears advisable in the larger patients. With the membrane oxygenator, the length of pump run is considered to be of less concern than the limited C O~ exchange at normothermic temperatures. One 90 kg patient recently perfused with three square meter membranes on gravity required carbogen ( 3 percent CO:! and 97 percent 0 2 ) because of hypocarbia.
Periodic high flow perfusion every 60 minutes through each membrane oxygenator unit with the entire venous output appears to avoid "membrane atelectasis" by reopening any unused portions of the oxygenator. Two times in our early experience the use of a membrane oxygenator circuit was filled with saline solution but without gas flow for three days prior to operation. Diffusion of the stagnant saline solution through the membrane caused oxygenator "atelectasis" and indicated the necessity of drying the oxygen passages when prepriming was performed. Those two patients had poor gas exchange with membrane oxygenators primed for three days prior to usage in which no attempt was made to keep the oxygen pathways dry and open. Incidentally, low oxygenation in this case confirmed the "azygous" or low flow principle which permitted safe cross circulation cardiopulmonary sup- support at Cornell University with safe oxygen and carbon dioxide exchange. Many other centers are using this oxygenator with safety, ease and effective gas exchange (Dr. Horace McVaugh, University of Pennsylvania, Dr. Harry Siderys, Indianapolis, Mr. P. Ghadiahli, of London Chest Hospital, Brompton Rd., London, England, Dr. Karl V. Hall and Dr. Gudman Semb, of Oslo, Norway and others ) . Improved membrane manufacturing has eliminated membrane leakage during surgery. Sirnple gravity circuitry and venous inlet of cardiotomy suctioned blood enables any careful perfusionist to use this oxygenator with a standard arterial roller pump.
